Introduction
============

Substrates of the ubiquitin pathway are covalently modified by the attachment of a small protein called ubiquitin and as a result are targeted for degradation or other cellular fates ([@b46]; [@b16]; [@b20]). Ubiquitination involves the sequential action of three enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin-protein ligase) ([@b46]). The E3 enzyme, which is responsible for the specificity of the reaction, associates with substrates ([@b18]; [@b46]; [@b14]), and defects in this interaction have been implicated in numerous diseases ([@b1]; [@b9]; [@b40]; [@b43]).

A significant fraction of the proteome is regulated by the ubiquitin pathway and eukaryotic genomes express hundreds of E3 ligases to coordinate the ubiquitination of cellular proteins ([@b45]; [@b62]). Currently, most E3 enzymes have not been linked to any specific substrate and any platform that would allow for the systematic discovery of enzymatic E3 substrates would be tremendously useful for advancing our understanding of the ubiquitin pathway. Rsp5 is a yeast E3 ubiquitin ligase that belongs to the Nedd4 family ([@b50]). It contains a C2 domain, a catalytic HECT domain and three WW domains that can bind substrates directly by recognizing a (L/P)PxY sequence (PY motif) ([@b30], [@b29]; [@b32]; [@b24]; [@b53]). Ubiquitination of proteins by the Nedd4 E3 family has been implicated in numerous cellular functions, including endocytosis, sorting and trafficking ([@b50]; [@b23]; [@b26]). For example, Nedd4 (or Nedd4-2), the human Rsp5 homologue, ubiquitinates the epithelial sodium channel (ENaC) to regulate its endocytosis, and mutations that inhibit the Nedd4-2:ENaC interaction cause Liddle syndrome, a hereditary hypertension ([@b59]; [@b1]; [@b39]). Similarly, Rsp5 was demonstrated to regulate endocytosis and sorting of several yeast plasma membrane proteins ([@b23]; [@b10]). Moreover, Rsp5 has been implicated in the regulation of several other cellular functions, including mitochondrial inheritance, drug resistance, intracellular pH, fatty acid biosynthesis and transcriptional control (see below).

Despite the biological importance of the Nedd4/Rsp5 family of E3 ligases, only a few substrates have been identified to date for this ubiquitin ligase family. Thus, our goal was to globally identify Rsp5 substrates in the yeast proteome. For that, we chose to use protein microarray technology as our experimental platform. The arrays used in this study contain thousands of purified proteins (most of the *Saccharomyces cerevisiae* proteome) immobilized at a high spatial density on standard sized slides and can be readily used to probe the yeast proteome using traditional biochemical approaches ([@b65]; [@b52]; [@b66]; [@b5]; [@b47]; [@b56]).

To date, few studies have assayed enzymatic activities using this technology. In the current study, we have successfully used yeast (*S. cerevisiae*) protein microarrays to assay the enzymatic (ubiquitination) activity and binding of Rsp5 to its substrates, and we have identified previously reported and novel ubiquitinated substrates and interacting partners of this E3 ligase.

Our results also demonstrate how this approach can yield informative data regarding the binding mechanisms and substrate specificity of an E3 enzyme.

Results
=======

Identification of proteins ubiquitinated by Rsp5 on a proteome array
--------------------------------------------------------------------

For this study, ubiquitinated Rsp5 substrates were identified using commercially available yeast protein microarrays (Invitrogen ProtoArray^®^ Yeast Proteome Microarray). These protein microarrays are based on technology described previously ([@b65]) and contain more than 4000 GST- and 6 × HIS-tagged yeast proteins from *S. cerevisiae* spotted in duplicate on nitrocellulose slides (ProtoArray^®^ Yeast Proteome Microarray nc v1.1).

Before assaying for ubiquitinated proteins on the protein microarray, we developed conditions in which Rsp5 could ubiquitinate one of its known substrates, the C-terminal domain of Rpb1 (CTD) ([@b4]). The ubiquitination of CTD was dependent on the budding yeast E1 enzyme, an E2 enzyme (Ubc4), ubiquitin, Rsp5 and ATP, and was visualized by Western blotting. This control reaction was used to optimize conditions for Rsp5-dependent ubiquitination on nitrocellulose-coated glass slides. In these experiments, the CTD and other proteins were robotically spotted onto slides and incubated with a reaction mixture containing Rsp5 and FITC-labeled ubiquitin. The proteome array was then assayed for Rsp5-dependent ubiquitination using the optimized conditions ([Figure 1A](#f1){ref-type="fig"}).

Following the reaction, protein microarray slides were washed, scanned and proteins modified by ubiquitin were identified by quantifying the intensity of the FITC signal produced compared with the background ([Figure 1B](#f1){ref-type="fig"}). Although detection of protein--protein interactions on microarrays is generally highly reproducible ([@b65]; [@b19]) ([Figure 1A and B](#f1){ref-type="fig"}), we repeated the Rsp5 ubiquitination reaction on two separate protein microarray slides to increase the quality of our data set. Based on selection criteria for identifying positive hits described in Materials and methods, we generated a data set of 150 Rsp5 substrates (henceforth referred to as the 'relaxed Rsp5 substrate set\'). From this set of substrates, we selected a 'high-confidence\' data set, which comprises the 40 proteins that produce the strongest signal. These proteins were considered for further study ([Table I](#t1){ref-type="table"} and [Supplementary Table SI](#S1){ref-type="supplementary-material"}).

Properties of the high-confidence Rsp5 substrate set
----------------------------------------------------

### PY motifs

Since Rsp5-WW domains are known to bind PY motifs, we looked for the presence of these motifs in the sequences of proteins belonging to the Rsp5 substrate sets. As expected, proteins containing PY motifs were significantly enriched in the Rsp5 high-confidence substrate set (*P*\<0.01---exact randomization test). In the yeast proteome, approximately 4% of proteins contain PPxY motifs, and 7% contain LPxY motifs. In the Rsp5 high-confidence substrate set, 72% of proteins had at least one of these motifs. Proteins with PPxY and LPxY motifs were significantly enriched both in the high-confidence and relaxed Rsp5 substrate data sets (*P*\<0.01 for both---exact randomization test).

### Identification of known substrates

Rsp5 has been implicated in a wide range of cellular pathways and a number of its substrates have previously been described. Eleven proteins in the high-confidence Rsp5 substrate set, and 17 proteins in the relaxed substrate set, have previously been identified in Rsp5 pathways through genetic and biochemical methods ([Table I](#t1){ref-type="table"}). The relatively large number of previously described Rsp5 substrates identified in this study suggests that the proteome microarray experimental approach is capable of discovering proteins ubiquitinated by Rsp5 *in vivo* and that many of the proteins in the high-confidence substrate set and the relaxed substrate set are likely novel biologically relevant substrates of Rsp5.

### Detection of substrate ubiquitination using Western blotting

We used an established ubiquitination assay to confirm that the proteins identified as Rsp5 substrates on the protein microarray are modified by this E3. Traditional approaches for monitoring ubiquitination involve subjecting specific purified proteins to ubiquitination by an E3 *in vitro* and using a Western blot approach to visualize ubiquitination.

Fifteen proteins from the Rsp5 high-confidence substrate set, and six proteins that were not identified as substrates of Rsp5, were purified from yeast using glutathione affinity purification, incubated in ubiquitination reactions containing Rsp5 and the above described E1 and E2 (Ubc4), and assayed for ubiquitination using anti-ubiquitin antibodies and Western blots. All of the proteins whose ubiquitination was detected on the protein microarray were verified to be ubiquitinated by Western blot analysis ([Figure 2A](#f2){ref-type="fig"}; [Table I](#t1){ref-type="table"}). Most of the proteins were efficiently polyubiquitinated or ubiquitinated on multiple lysines. In contrast, the six proteins tested whose ubiquitination was not detected on the protein microarray did not appear to be ubiquitinated after Western blot analysis ([Figure 2B](#f2){ref-type="fig"}), confirming that the enzymatic activity detected is specific and that the data generated by the protein microarray approach are consistent with established methods of detecting ubiquitination.

To further validate our *in vitro* data, we tested for *in vivo* ubiquitination of several putative substrates (known or suspected to be involved in sorting/endocytosis), by comparing ubiquitination of these proteins expressed in *RSP5* (WT) or *rsp5-1* mutant yeast cells. *rsp5-1* is a temperature-sensitive mutant that reduces Rsp5 expression upon temperature shift to 37°C (an *rsp5*-null mutant is lethal). As shown in [Figure 2C](#f2){ref-type="fig"}, Lsb1 and Sna3 (both known interactors or substrates of Rsp5; [@b21]; [@b41]; [@b44]), as well as Sna4, were ubiquitinated *in vivo* by Rsp5. Although the function of Sna4 is unknown, it is a vacuolar resident protein, much like Sna3, and we thus anticipate that it too utilizes interactions with Rsp5 for vacuolar targeting. Our preliminary data also revealed *in vivo* ubiquitination of other substrates by Rsp5 (e.g. Yip5, Rcr1 and Rcr2---data not shown).

Identification of Rsp5 interacting proteins
-------------------------------------------

To directly test Rsp5 substrate binding using the protein microarrays, and to compare these data to the ubiquitination data sets above, we screened the protein microarrays for proteins that bind Rsp5. Purified Rsp5 was labeled with Alexa 647 and incubated with the protein microarray in two separate experiments. After washing and scanning the slides, the data were analyzed and a data set of 155 Rsp5 binding proteins was generated ([Table II](#t2){ref-type="table"} and [Supplementary Table SII](#S1){ref-type="supplementary-material"}).

A sequence search revealed that the Rsp5 binding set was significantly enriched for proteins containing PY motifs (*P*\<0.01---exact randomization test). Ten proteins in the Rsp5 binding set have previously been identified in Rsp5 pathways.

Comparison between the Rsp5 substrate set and binding set
---------------------------------------------------------

Twelve proteins in the high-confidence Rsp5 substrate set and 52 proteins in the relaxed Rsp5 substrate set were also present in the Rsp5 interaction set. Conversely, 34% of the proteins in the Rsp5 interaction set were ubiquitinated by Rsp5. Eleven of the 12 proteins that both bound to and were ubiquitinated by Rsp5 contain PY motifs.

Pro, Ser and Ala residues are enriched at the 'x\' position of (L/P)PxY motifs
------------------------------------------------------------------------------

We examined the amino-acid sequences of Rsp5 substrates to determine whether additional amino-acids residues in the PY motif ((L/P)PxY) may contribute to substrate specificity. A total of 38 PY motifs were present in 29 proteins of the high-confidence subset. Considering the third (x) position in the motif, the most frequent motifs were PP[S]{.ul}Y (ten), PP[A]{.ul}Y (five) and PP[P]{.ul}Y (five). Comparisons with sets of randomly selected proteins containing PY motifs showed that Ser and Ala (but not Pro) were both significantly overrepresented at the third position within our experimentally determined Rsp5 substrates (*P*\<0.001; randomized exact test) ([Figure 3](#f3){ref-type="fig"}).

To further confirm these findings, we performed a modified phage display screen to explore substrate specificity of each of the three WW domains of Rsp5. All peptides identified through this screen (over 300) were found to contain a PY motif. Consistent with data presented above, Ser and Ala were both found to be preferred at the third position ([Figure 4](#f4){ref-type="fig"}). More interestingly, the most common amino-acid residue associated with the third position was Pro, suggesting an important biological role for this residue.

Discussion
==========

In this report, we demonstrate that protein microarrays can be used to identify, on a global scale, ubiquitinated substrates and binding partners of a yeast E3 ubiquitin ligase, Rsp5. A combination of techniques was used to validate the protein microarray data and contributes to our understanding of Rsp5 substrate interaction mechanisms.

The high-confidence Rsp5 substrate set contains 12 proteins previously reported in Rsp5 pathways. Six of these (Ygr068c, Aly2, Lsb1, Ylr392c, Dia1 and Rim4) were reported in other HTP screens ([@b27]; [@b21]; [@b35]; [@b34]), while the remaining six (Rod1, Rog3, Rvs167, Bul1, Sna3 and Ack1) were validated as substrates using a combination of genetic and biochemical approaches ([@b64]; [@b3]; [@b58]; [@b35]).

Most of the high-confidence Rsp5 substrates contained at least one PY motif, usually PPxY ([Table I](#t1){ref-type="table"}). However, a few substrates did not (e.g. Sgt1, Cue5, Sip5). Sgt1, Cue1 and Sip5 are known to be involved in the ubiquitin pathway. The precise role of Sgt1 is not clear, but the association of this protein with Rsp5 is interesting, since it has been implicated as an activator of SCF E3 enzymes ([@b33]; [@b57]). Cue1 has a ubiquitin binding motif and its affinity for ubiquitin may facilitate its monoubiquitination ([@b31]). Alternatively, it is possible that it might have bound FITC-ubiquitin non-covalently; however, this is unlikely because its ubiquitination was also detected on a Western blot. Sip5 may not be an Rsp5 substrate, since it has a RING/U-box domain and likely produced a positive signal in the screen because it used the ubiquitin machinery present during the reaction for autoubiquitination.

In addition to the known Rsp5 substrates described above, the relaxed Rsp5 substrate set contains six other proteins that were previously identified as Rsp5 substrates or implicated in Rsp5 pathways. These include, Rpb7 ([@b35]), Tef2 ([@b37]), Ubi4, Uba1 ([@b25]), Rpl40B ([@b28]) and Rpl40A ([@b28]; [@b37]).

The identification of 18 proteins known to participate in Rsp5 pathways or to be ubiquitinated directly by Rsp5 suggests that the protein microarray experimental approach is a valid tool for the discovery of ubiquitinated E3 substrates, and that this approach is capable of discovering physiological substrates of Rsp5.

Not all known Rsp5 substrates were identified in our screen. First, some of the known substrates were not printed on the array (e.g. Mga2, Rpb1, Hpr1, Bsd2 and Pma1). Second, our approach is likely to have missed Rsp5 substrates that do not bind Rsp5 directly or require cofactors for their interaction. This is a plausible explanation because some of the known substrates that were not identified on the array (Gap1, Fur4, Rfa1, Zrt1 and Tat2) do not have PY motifs, do not bind Rsp5 directly, and may require adaptor proteins (e.g. Bul1 and Bul2; [@b17]) to bind Rsp5. Third, it is impossible to tell how the purification and printing process used to make the array may have affected the accessibility of some substrates to bind Rsp5.

In the high-confidence data set, 20 novel Rsp5 substrates were identified. Consistent with the well-established role of Rsp5 in ubiquitinating proteins at the plasma membrane or Golgi and affecting their sorting to vesicles, endosomes and to the vacuole, there are nine proteins in the high-confidence Rsp5 substrate list (Ymr171c, Rcr1, Rcr2, Sna3, Sna4, Yip5, Ydl012C and Alg6) that localize to either the plasma membrane, the vacuole, or have otherwise been implicated in the secretory pathway. Further characterization of these substrates is necessary in order to better understand their role in Rsp5-dependent cellular pathways.

Twelve proteins in the high-confidence Rsp5 substrate set, and 52 proteins in the relaxed Rsp5 substrate set, were also present in the Rsp5 interaction set. Of the 12 proteins that bound Rsp5 in the high-confidence substrate set, seven had been previously described in Rsp5 pathways, and four are novel substrates.

A recent study used the same protein microarray to find binding substrates for individual WW domains of Rsp5 ([@b19]). Their network of interactions identified 124 interactions, of which eight had previously been reported as Rsp5 substrates (compared with 10 known substrates in our Rsp5 interaction data set). Fourteen proteins in this Hesselberth data set overlapped with our high-confidence Rsp5 substrate set and 58 overlapped with the relaxed Rsp5 ubiquitinated substrate set. Fifty-eight proteins from the Hesselberth data set are also present in the Rsp5 interaction set.

The number of known substrates identified by probing the protein microarray for enzymatic (ubiquitination) substrates as opposed to binding partners of Rsp5 suggests that this experimental approach results in a much higher quality data set. One explanation for this is that the binding affinity for WW domains and PY motifs is relatively weak (low to mid micromolar range) ([@b30], [@b29]) and transient Rsp5 substrate interactions may therefore be missed when probing the array for interactions. If these transient interactions result in the enzymatic transfer of ubiquitin, however, it will likely be detected because ubiquitin becomes covalently, and therefore permanently bound to its substrate. Furthermore, polyubiquitination (or multi-monoubiquitination) of substrates on the proteome microarray may result in the amplification of fluorescent signal and thus a higher sensitivity may be achieved. Finally, in addition to being more sensitive, probing for ubiquitination is a more direct assay of Rsp5\'s biological role and therefore more likely to yield information that is more physiologically relevant.

As expected, the high-confidence substrate set was significantly enriched for proteins containing (L/P)PxY motifs. Statistical analysis of proteins identified from binding and ubiquitination protein microarrays and the protein screens from phage display experiments, reveal a preponderance of Pro, Ala and Ser residues in the third (x) position of the PY motif. These findings are in accordance with a survey of previously reported Rsp5 substrates containing PY motifs; Ala and Ser are found in the PY motifs of six proteins (Sna3, Bul1, Bul2, Rod1, Rog3 and Rvs167) and absent in two (Spt23 and Mga2; [@b22]). Furthermore, it was shown that the WW domains from three distinct proteins (KIAA0082, Ras GTPase-activating-like protein IQGAP1 and Transcription Factor CA150) have a binding preference to motifs with Pro and Ala at the third position ([@b24]). Finally, an earlier phage display study, which characterized the binding preferences of WW domains from Rsp5 and other proteins, had also demonstrated that Ala and Ser residues are favored within the PY motif of the first domain, whereas Pro was found to be most abundant in the second and third domains ([@b32]).

The mechanism of how Rsp5 recognizes PY motifs in substrates is not well understood. By highlighting the preference for a limited number of residues within the (L/P)PxY motif, these analyses may provide additional insights into the mechanism of substrate recognition by Rsp5 and ultimately a better general understanding of WW domain--substrate interactions.

The availability of complete genomes for an additional 17 species of related fungi (Ascomycetes) was exploited to explore the evolution of the Rsp5 substrates identified in *S. cerevisiae*. Orthologous sets of proteins for each Rsp5 substrate were generated and used to determine the presence of conserved (L/P)PxY motifs ([Figure 5](#f5){ref-type="fig"} and [Supplementary Figure S1A](#S1){ref-type="supplementary-material"}). Conservation of the PY motif was observed in the majority of orthologues, particularly within the closely related *Saccharomyces senso stricto* species. Comparisons of Ka/Ks ratios for the orthologues identified across other fungal species found that the nucleotide sequence underlying the (L/P)PxY motif is under stronger purifying selection (and hence more highly conserved) than the neighboring residues (Ka/Ks \<0.1; [Supplementary Figure S1B](#S1){ref-type="supplementary-material"})), reflecting their functional importance. In addition, this was associated with the conservation of Ser, Pro and Ala at the third position (position 'x\' in the (L/P)PxY motif) in all but two orthologous sets ([Supplementary Figure S1C](#S1){ref-type="supplementary-material"}), in agreement with the data shown in [Figures 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}. These data are consistent with the hypothesis that the sequence (L/P)P(S/P/A)Y is important to maintain the interaction between the substrate and the WW domain of the Rsp5 orthologue in each species.

To help assess the physiological relevance of the ubiquitination and *in vitro* binding assays, we integrated the data from this current study with recently generated physical and genetic interaction datasets, to derive an Rsp5 interaction network ([Figure 6](#f6){ref-type="fig"}) ([@b51]; [@b15]; [@b34]; [@b7]). Consistent with a role in ubiquitination, both positive (alleviating) and negative (aggravating) genetic interactions were observed with the deubiquitinating enzymes Ubp13 and Ubp3/Bre5, suggesting that these enzymes may share similar substrates. Further inspection of the Rsp5 map reveals that a large number of physical and genetic interactions place Rsp5 into pathways responsible for the regulation of chromatin function and transcription. Consistent with this, Rsp5 was originally isolated in a genetic screen for suppressors of mutations in Spt3 ([@b61]), a subunit of the SAGA (Spt/Ada/Gcn5/acetyltransferase) complex ([@b13]; [@b49]), which modulates the transcription activity of RNA polymerase II (RNAPII). Although it is known that Rsp5 ubiquitinates the large subunit of RNAPII (Rpb1) under conditions of UV irradiation, its exact role in transcriptional regulation is not well understood. From the interaction network it is clear that Rsp5 is physically and genetically linked to several complexes involved in chromatin remodeling and/or transcription regulation, including the histone deacetylase Rpd3C(L) complex, the histone Snf1 kinase complex, SAGA, SWI/SNF and Mediator. In addition to transcriptional regulation, Rsp5 seems to be functionally linked to several other processes including rRNA metabolism and mRNA splicing. For example, Dis3 has previously been shown to be the key regulator of the exosome (responsible for degradation of snoRNAs, mRNAs and rRNAs) ([@b11]). Here, we have shown that Rsp5 is both capable of binding and ubiquitinating Dis3, suggesting that one mode of its (and hence the exosomes) regulation may occur through the ubiquitin pathway. Finally, two previously uncharacterized proteins, Yjl084c and Ykr021w, were not only found to bind to and are substrates of Rsp5 but also were recently shown to be physically associated with Rsp5 *in vivo*. ([@b34]; [@b6]). Interestingly, these are two out of the four budding yeast proteins that contain an arrestin N domain, which in metazoans is linked to inactivation of G protein-coupled receptors and cross-talk with other signaling pathways ([@b42]). These relatively specific connections suggest this region may be mediating the binding and/or activity of Rsp5. It is expected that the interaction network presented in [Figure 6](#f6){ref-type="fig"} will facilitate the generation of many more testable hypotheses of Rsp5 function.

In summary, by applying the ubiquitination assay to the protein microarray platform, we have developed a sensitive assay that can be used to discover numerous substrates simultaneously, covering the whole proteome. Our approach should support the screening of other E3 systems both in humans and in yeast. Furthermore, once proteins on the array are ubiquitinated by a particular E3, deubiquitinating enzymes could be screened for specific substrates. In such experiments, loss of signal would indicate that a particular protein has been deubiquitinated.

Materials and methods
=====================

Purification of yeast E2 enzymes
--------------------------------

Yeast E2 gene *UBC4* was expressed in *Escherichia coli* strain BL21 (DE3) from pET15b plasmids as described previously ([@b36]). Transformed cells were grown at 37°C to an absorbance of *A*590 of 0.6 in 2 l of Luria broth and expression was induced by addition of 1 mM isopropyl-β-1-thio-[D]{.smallcaps}-galactopyranoside (IPTG). After 12 h of induction at 16°C, the cells were harvested and lysed by sonication in binding buffer (20 mM HEPES, pH 8.0, 500 mM NaCl, 10% glycerol, 10 μM ZnCl~2~, 0.5 mM tris(2-chloroethyl) phosphate (TCEP)) and protease inhibitor tablets (one tablet per 50 ml of buffer, Roche Applied Science) containing 5 mM imidazole. Lysates were clarified by centrifugation at 100 000 *g* for 1 h at 4°C and His-tagged proteins were purified from the clarified lysate on a 2-ml nickel--nitrilotriacetic acid superflow agarose column (Qiagen). Bound proteins were washed with binding buffer supplemented with 30 mM imidazole and eluted with binding buffer supplemented with 500 mM imidazole.

Purification of yeast E3 Rsp5
-----------------------------

The GST-Rsp5 expression plasmid (pGEX-6P2-RSP5) ([@b36]) was used to express GST-Rsp5 in *E. coli* using the same method as described for the E2 enzyme, except that imidazole was omitted from the binding buffer. The recombinant proteins were purified from the cell lysate on a column containing 3 ml of glutathione--Sepharose resin (Amersham Biosciences), washed once with 50 ml of binding buffer, followed by a wash with 25 ml of PreScission cleavage buffer (PCB: 50 mM Tris--HCl, pH 7.0, 150 mM NaCl, 1 mM TCEP, 10% glycerol). Rsp5 was proteolytically cleaved from the GST moiety by incubating the resin for 4 h with 1 ml of PCB containing 40 U of PreScission protease (Amersham Biosciences).

Labeling of Rsp5
----------------

Rsp5 was purified as described above, except that 50 mM Tris--HCl was replaced with 50 mM HEPES in the PCB. Purified Rsp5 (1 mg/ml) was labeled with AlexaFluor 647 using the Microscale Protein Labeling kit (Molecular Probes) according to manufacturers\' instructions. A 50 μg weight of Rsp5 was used for the reaction. Final concentration of Alexa647-Rsp5 was 0.1 mg/ml in a volume of 100 μl.

Purification of yeast GST-CTD
-----------------------------

The GST-CTD expression vector (pET21a-GST-TEV-CTD) was constructed by Dr N Fong and generously provided by Dr D Bentley. GST-CTD was expressed in *E. coli* and purified using the same method as described for the GST-Rsp5, except that proteins were eluted with binding buffer containing 15 mM glutathione.

Purification of yeast GST-tagged substrates
-------------------------------------------

The collection of yeast strains expressing GST proteins was a generous gift from Dr M Snyder. Culture of the yeast strains and expression of recombinant GST proteins were carried out as described previously ([@b35]). Proteins were purified from 50 ml of growth media using 100 μl of glutathione--Sepharose resin and eluted in 100 μl of binding buffer containing 15 mM glutathione (Amersham Biosciences). The final yield of purified proteins varied from 10 to 200 μg.

Protein analysis
----------------

All purified proteins were resolved on 12% SDS--polyacrylamide gels and visualized by Coomassie Blue staining (Sigma B-7920). Immunoblotting was performed using a mouse monoclonal anti-GST antibody (B-14, Santa Cruz Biotechnology). Purified proteins were frozen in ethanol and dry ice and stored at −80°C.

*In vitro* ubiquitination
-------------------------

Reactions contained 3 μl of 5 × assay buffer (250 mM HEPES, pH 7.4, 25 mM MgOAc, 2.5 mM TCEP, 500 mM NaCl and 50% glycerol), 1 μg of ubiquitin (b-Ub), 0.16 μg of yeast E1, 3.8 μg of Ubc4 E2, 1.2 μg of Rsp5 E3, 8 pmol of GST-tagged substrate and 3.3 mM ATP (Sigma). E1 and b-Ub were purchased from Boston Biochem. Water was added to each reaction to bring the final volume of all reactions to 15 μl. ATP was either omitted or added last in order to minimize autocatalytic ubiquitination reactions by the ubiquitination enzymes. Reactions were allowed to proceed for 4 h at room temperature and stopped by boiling in 5 μl of sample buffer. Detection of a shift to high MW, indicative of ubiquitination, was performed by immunoblotting with anti-GST antibodies.

*In vivo* ubiquitination experiments
------------------------------------

The *rsp5-1* and the corresponding wild-type (*RSP5*) strains expressing the desired HIS-tagged proteins were grown to log phase in Ura− synthetic drop-out media containing 2% raffinose. The temperature was then changed to 37°C; the expression of the proteins was induced by the addition of galactose to 2% and growth was continued at the restrictive temperature for 2 h. The cells were then lysed and the proteins were purified from the cells using anti-HA antibodies, and immunoblotted with anti-ubiquitin antibodies (Covance).

Production of protein microarrays
---------------------------------

For the purpose of developing the ubiquitination assay using protein microarrays, protein samples were spotted onto ArrayIt™ or eight-pad FAST™ nitrocellulose slides at various concentrations using a Piezorray™ (Perkin Elmer) platform. Following printing, the slides were stored at −20°C. Invitrogen ProtoArray^®^ Yeast Proteome Microarray was purchased for subsequent experiments.

Ubiquitination on protein microarrays
-------------------------------------

Slides were removed from the freezer, briefly allowed to thaw, rinsed with 0.5%. PBST and then blocked for an hour in 5% skim milk prepared with 0.5% PBST. Following blocking, the slide was washed three times for 5 min each with 0.5% PBST. After washing, 0.6 ml of a ubiquitination reaction mixture (50 mM HEPES, 5 mM MgCl~2~·6H~2~O, 0.5 mM TCEP, 10% glycerol, 4 μg of FITC-labeled ubiquitin (Boston Biochem) 0.64 μg of E1, 15.2 μg of E2 (Ubc4), 4.8 μg of E3 Rsp5) was gently pipetted onto the surface of the slide after 2 μl of 100 mM ATP was added to start the ubiquitination reaction. The reaction mixture on the slide was kept humid using wet filter paper and was allowed to proceed for 3 h. Following the reaction, the slide was briefly rinsed with 0.5% PBST followed by three 10-min washes with 0.5% PBST. The slide was dried by centrifuging for 4 min at 1000 *g* and visualized by fluorescent laser scanning at 10 μm resolution using a 488 nm laser on a ProScan Array HT™ scanner (Perkin Elmer). Printed slides containing fluorescent proteins and dyes were kept in the dark for the duration of the experiment.

Binding assay using protein microarrays
---------------------------------------

Slides were removed from the freezer, briefly allowed to thaw, rinsed with PBS, followed by a rinse in 0.1%. PBST, and then blocked for one hour in 5% skim milk made with 0.1% PBST for 2 h. Probe solution (2.5 μl of Alexa647-Rsp5 (0.1 mg/ml) diluted in 0.75 ml of reaction buffer (50 mM HEPES, 5 mM MgCl~2~·6H~2~O, 0.5 mM TCEP, 10% glycerol) was carefully pipetted over the entire area of the slide, kept humid with a wet filter paper and the allowed to incubate for 1.5 h. The slide was washed 3 × in 0.1% PBST for 10 min and dried by centrifugation (4 min at 200 *g*). The slide was then scanned at 10 μm resolution using a 633 nm laser on a ProScan Array HT™ (Perkin Elmer) scanner. Printed slides containing fluorescent proteins and dyes were kept in the dark for the duration of the experiment.

Data analysis
-------------

Data from the two ubiquitination assay slides were analyzed using ProScan Array HT™ (Perkin Elmer) software. Spots on which 50% of the pixels produced signal greater than two standard deviations above the background were identified as 'hits\'. These proteins were eliminated from the Rsp5 substrate list unless both the duplicated spots met this criterion on both of the assayed slides (i.e. all four spots had to meet the criteria). Once the Rsp5 substrate list was generated, the spots were ranked according to their signal intensity calculated as (signal intensity=mean signal on the spot−background)/concentration of the protein on the spot). Once this list was generated, all the proteins with a signal intensity \>2 (40 proteins) were chosen as 'high-confidence\' Rsp5 substrates. Data analysis to generate the Rsp5 interaction list was performed using the same quantitative parameters.

Cross-species comparisons
-------------------------

The protein complements for the 17 yeast species were obtained from the following online databases: *Saccharomyces cerevisiae*, *S*. *bayanus*, *S*. *castelli*, *S*. *kluyveri*, *S*. *kudriavzevii*, *S*. *mikatae* and *S*. *paradoxus*---*Saccharomyces* genome database (<http://www.sgd.org>); *Candida glabrata*, *Debaromyces hansenii*, *Kluyveromyces lactis*, *Yarrowia lipolytica*---Genolevures (<http://cbi.labri.fr/Genolevures/>) ([@b54]); *Candida tropicalis*, *Aspergillus nidulans*, *Fusarium graminearum*, *Kluyveromyces waltii*, *Neurospora crassa*---the fungal genome initiative at the Broad Institute (<http://www.broad.mit.edu/annotation/fgi/>); *Ashbya gossypii*---National Center for Biotechnology Information (<ftp://ftp.ncbi.nih.gov/genomes/Fungi>); *Schizosaccharomyces pombe---*The Wellcome Trust Sanger Institute (<http://www.sanger.ac.uk/Projects/Fungi/>).

Orthology was determined using a modified implementation of the widely used reciprocal best BLAST hits approach ([@b60]). In brief, BLASTP ([@b2]) comparisons of protein complements were performed for every pair of species. For each query protein, the top 10 hits (ranked on the basis of sequence similarity) for a particular species were extracted. Each hit was then subjected to a more sensitive Smith--Waterman alignment against the original query protein ([@b48]) and hits ranked according to their bit scores. Those proteins that were found to be the best reciprocal hits (in terms of the bit scores) were then defined as 'putative orthologues\'. For species in which no such 'putative orthologue\' could be determined, proteins, which displayed the highest bit score to the query protein in the *S. cerevisiae* query protein, were manually inspected and compared with 'putative orthologues\' identified in other species. These proteins were defined as 'highest scoring homologues\'.

Calculation of Ka/Ks ratios
---------------------------

Multiple sequence alignments were generated for groups of orthologue proteins using the program---MUSCLE ([@b12]). The nucleotide sequences were mapped onto this alignment using a script written in-house and the resultant alignments used for the calculating the Ka/Ks values using the codeml program available through the PAML software suite ([@b63]).

Isolation of WW domain binding peptides
---------------------------------------

A library of random dodecapeptides fused to the N-terminus of the M13 gene-8 major coat protein was constructed and cycled through rounds of binding selections with the bacterially expressed WW domain immobilized on 96-well Maxisorp immunoplates (NUNC), as described previously ([@b55]; [@b38]). Phage were propagated in *E. coli* XL1-blue (Stratagene) in medium supplemented with M13-KO7 helper phage (New England Biolabs) to facilitate phage production and 10 μM IPTG to induce expression of the library. After four rounds of selection, individual phage were isolated and analyzed in a phage ELISA. Phages that bound to the WW domain were subjected to DNA sequence analysis. Unique binding sequences were aligned to derive a specificity profile.
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![Rsp5-mediated ubiquitination of the yeast proteome. (**A**) Assay development. To optimize ubiquitination conditions using protein microarrays, known substrates of Rsp5 (CTD and Ydl203c) and proteins not ubiquitinated by Rsp5 *in vitro* (Yer036c and GST alone) were robotically printed on slides and incubated in ubiquitination reactions containing Rsp5 and FITC-labeled ubiquitin. The fluorescent signal demonstrates CTD and Ydl203c ubiquitination in the presence of ATP (right panel), while negative control proteins are not ubiquitinated (left panel). Blue color represents ubiquitination (detected with FITC-Ub). GFP was used as a positive control, as it has the same excitation wavelength as FITC. The colors associated with the protein microarray spots indicate of the intensity of the signal (with light blue\<bright blue\<white). (**B**) Image of a scanned ubiquitinated protein microarray with an enlargement of one grid. All proteins are printed in duplicate and arrows indicate proteins that were identified as substrates after quantitative data analysis. Alexa dyes are spotted as controls in the left-hand corners of each grid. (**C**) Reproducibility. Two protein microarrays were ubiquitinated in separate experiments and the same grid from each array is shown. Arrows point to ubiquitinated proteins that were identified as substrates. Most spots producing significantly higher signal than background can be seen on both arrays, suggesting high reproducibility between slides.](msb4100159-f1){#f1}

![Validation of substrate ubiquitination *in vitro* and *in vivo*. (**A, B**) *In vitro* ubiquitination: (A) 15 proteins identified as 'high-confidence\' Rsp5 substrates using protein microarrays were expressed (fused to GST) in yeast, purified and incubated in ubiquitination reactions containing Rsp5. (B) Six randomly selected proteins that were not identified as Rsp5 substrates in the protein microarray experiments were used as negative controls. All 15 of the 'high-confidence\' Rsp5 substrates and none of the negative control proteins were visibly ubiquitinated in the Western blots with anti-GST antibodies (arrows indicate the original size of the protein in the absence of ubiquitination (i.e. without ATP)). (**C**) *In vivo* ubiquitination: example of three Rsp5 substrates from the protein microarray exhibiting ubiquitination *in vivo*. The three proteins (HA tagged) were expressed in *RSP5* (WT) or *rsp5-1* mutant yeast cells. Following a shift to the non-permissive temperature (37°C), proteins were immunoprecipitated with anti-HA antibodies and immunoblotted with anti-ubiquitin antibodies. Note ubiquitination in the *RSP5-WT* but not the *rsp5-1* cells.](msb4100159-f2){#f2}

![Sequence logos for substrates of Rsp5. PPxY motifs, together with six residues upstream and downstream of the motif from proteins identified as substrates of Rsp5, were aligned and used to generate sequence logos ([@b8]). In each logo, stacks of letters indicate the relative frequency of certain amino acids at each position in the sequence. The overall height provides a guide to the level of sequence conservation associated at that position.](msb4100159-f3){#f3}

![Phage display logos. Peptides identified as substrates of Rsp5, using the phage display system, were aligned and are graphically displayed as logos, as shown in [Figure 3](#f3){ref-type="fig"} above.](msb4100159-f4){#f4}

![Conservation of Rsp5 substrates across fungal species. BLAST analyses were used to identify potential orthologues and homologues of the top 49 most highly ubiquitinated Rsp5 substrates, together with the presence of a (L/P)PxY motif in 17 species of ascomycetes. Putative orthologues were defined as those demonstrating reciprocal best BLAST matches, and best scoring homologues were defined as those matches with the highest BLAST bit scores, which were considered homologous through manual inspection of sequence alignments (see Materials and methods). The cladogram at the top of the figure shows the phylogenetic relationships of the 18 fungal species (including *S. cerevisiae*) considered.](msb4100159-f5){#f5}

![Network diagram describing Rsp5 functional pathways. Proteins identified from this study, together with previously published studies, were used to generate a protein--protein interaction network describing functional pathways associated with Rsp5. Two studies have recently attempted to comprehensively define the physical interactome in budding yeast through systematic affinity tagging, purification and mass spectrometry ([@b15]; [@b34]). A more recent study that combines these data sets to produce a single high-quality integrated data set ([@b6], [@b7]) was used to identify proteins with physical interactions to: 42 (of 150) proteins identified in the current study as being a substrate of Rsp5; 40 (of 155) proteins identified in this study as binding partners of Rsp5; 24 (of 59) proteins identified in other small-scale experiments as being substrates of Rsp5; 38 (of 110) proteins identified in a previous high-throughput screen of Rsp5 binding partners ([@b19]) and 39 (of 79) proteins, whose genes have been found to either positively or negatively genetically interact with Rsp5. Genetic interactions were obtained from an rsp5-DamP hypomorphic allele ([@b51]; [@b7]) derived from a recently generated E-MAP (epistatic miniarray profile), using a normalized score of \>1.5 for positive interactions and \<−1.5 for negative interactions. Physical interactions were obtained using a purification enrichment (PE) score of \>3.2 ([@b6], [@b7]). In total, 1258 interactions (light blue lines) between 694 proteins were identified. Colors and sizes of nodes are described in the inset key.](msb4100159-f6){#f6}
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High-confidence Rsp5 substrate (unbiquitination) data set
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High-confidence Rsp5 substrate data set. The top 40 proteins and their PY motifs identified as Rsp5 substrates using the protein microarray are listed. A blue color in the column labeled 'Western\' indicates proteins that were ubiquitinated in a Western blot. Proteins identified by protein microarray as interacting partners of Rsp5 in this study are shaded in blue in the column labeled 'Binding\'. Boxes shaded in blue in the column labeled 'Hesselberth\' indicate that the protein was identified in the microarray screen by Hesselberth and co-workers as an Rsp5 binding partner. The column labeled 'Known substrates\' contains proteins that were previously described as Rsp5 substrates.
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High-confidence Rsp5 interaction data set
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High-confidence Rsp5 interaction data set. The top 40 proteins and their PY motifs identified as Rsp5 interacting partners using the protein microarray are listed. The columns are the same as in [Table I](#t1){ref-type="table"}, except the column labeled 'Ubiquitin\'d\' contains proteins that were identified in both ubiquitination and binding protein microarray assays.
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